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Core electron binding energies of GaS ( /3) , GaSe( E) and InSe( r) with respect to the vacuum 
level have been obtained by measuring the onset of secondary electron emission in the X- ray 
photoelectron spectroscopy( XPS) . The chemical shift between metal - chalcogen and metal is 
estimated to be 3.4 eV for GaS, 2.0 eVfor GaSe and 1.7 eV for InSe, respectively, for the 
least bound core level of cation. The Madelung constant of each compound is calculated to be 
1. 44, 1. 60 and 1.48, respectively. The ionicity is estimated to be about 0. 46, 0. 45 and 0. 49, 
respectively. On the basis of the electrostatic model, which reflects two dimensional crystal 
structure, the magnitude of chemical shift is discussed. 
§ 1. Introduction 
Within recent years, ultraviolet, 1. 4> X- ray'· 2' 4' 5> arrl synchrotron radiation3> photoelectron 
spectroscopies have been extensively applied to investigate the electronic properties of III- VI 
layered compounds. The chemical shifts in core levels of III- V and II- VI compounds have 
been studied on the basis of an electrostatic model in which the chemical shift caused by ionic 
bond, s> and furthermore the effect on the chemical shift of covalent bond7-1 o> has been also 
discussed according to Phillips' bond charge theory. 11> We have not known the studies on che­
mical shifts of layered materials such as GaS, GaSe and InSe. Among binary compounds, 
these III- VI mmpounds have some characteristics as compared with III- V and II - VI com-
pounds. One of them is that the three compounds have very similar structure consisting of 
four- fold sheets, chalcogen- metal - metal - chalcogen. 12> The bonding between two adjacent sheets 
is due to the Van der Waals force. 12> Therefore the compound could be readily cleaved along the 
layer without dangling bonds. Secondly, the molecule of metal - chalcogen atoms in these com­
pounds has nine valence electrons. Four electrons are accommodated to a cation forming three 
cation- anion covalent bonds and one cation- cation covalent bond. Other five electrons are ac­
commodated to an anion forming three cation- anion covalent bonds and one lone pair per mole­
cule. 1 3-1 5) 
Considerable attention has been paid to GaS, GaSe and InSe with the characteristics as noted 
above. When subjected to Ar ion sputtering, the surface of material starts to exhibit the 
metallic behavior owing to selective sputtering. The sputtered surface .which results in metallic 
layer easily oxidizes even in air at room temperature, although the cleaved surface which has no 
dangling bonds does not oxidize. 1 s> Furthermore,. when the cleaved material is heated in air or 
- 37-
Bulletin of F aculty of Engineering Toyama University 1986 
oxygen atmosphere, it is known that Ga- or In-oxide is formed on the substrate. 1 6' 1 7> It has 
been also found that the band bends near the interface between metallic layer induced by Ar ion 
sputtering and bulk crystal . 18> Such an oxidation film and a metallic layer have received con­
siderable interest in conjunction with oxide- and metal - layered semiconductor junction. 
In the present paper, the study of the chemical shifts in GaS, GaSe and InSe crystal is re­
ported. The chemical shift of a cation is discussed, because the binding energies of 2 s and 2 p 
photoelectrons of sulfur can not be distiguished from those of Ga LMM Auger electrons which 
appear in the same energy region when irradiated by Mg-KaX-ray source. The binding energy 
of core level is referred to the vacuum level and the chemical shift is obtained as the difference 
between the binding energy in cation core level of III-VI compound and that of metal . Two 
dimensional structure and nine valence electrons are brought into theoretical consideration; 
Madelung constant, ionicity, electrostatic effective charge and chemical shift. 
§ 2 . Experiment 
GaS, GaSe and InSe single crystals were grown in a sealed qaurtz ampoule of a diameter 15mm 
by the Bridgman method. All measurements were carried out on the ( 0 01) surface cleaved with 
an adhesive tape. The exprimental equipment consisted of a PHI Model 548SH ESCA/ AES 
system with a double-pass cylindrical mirror type analyzer. A sample cleaved into 10 X 10 X 0. 3mm 3 
was vertically attached to the top of a rod type holder with an Ag paste to make an electically 
good contact, and was illuminated by a Mg- KaX-ray source with an energy of 1253. 6 eV to 
emit the photoelectrons in a chamber of about 5 x 10-9 Torr. The data from analyzer were 
directly stored in a Hewlett Packard Model 85 personal computer. When irradiated by X-ray, 
much attention was paid to both photoelectron which gives the imformation about the binding 
energy of core level and the onset of secondary electron which determines the vacuum level . 
The onset obtained by fitting the spectrum with the Maxwell distribution19> corresponds to the 
binding energy of 1253. 6 e V referred to the vacuum level . 1 8' 2 o> More detail of experimental 
procedure to determine the binding energy with respect to the vacuum level has been mentioned 
in ref. 18. Au 4f7; 2 (83.8 eV) and Cu 2p 3 ; 2 (932.4 eV) were used in order to caribrate the 
binding energy. The experimental accuracy for the determination of binding energy was esti· 
mated to be ±0 .1 eV. 
When a sample is irradiated by X-ray, photoelectrons are emitted, then the surface of sample 
is positively charged. If the sample is highly conductive, the surface is immediately neutralized 
owing to injection of electrons from the holder. GaSe and InSe correspond to this case. 1 6' 17> 
However, GaS has lower conductivity by several orders of magnitude than both GaSe and 
InSe. Therefore, the surface of GaS is sufficiently considered to be charged up. The bin­
ding energy of core level in a positively charged surface shows larger value than that in a neut­
ral one, when tke binding energy is measured as the magitude referred to the Fermi level of the 
analyzer in the XPS system. In order to solve this problem, the secondary electron emission 
whose onset has the binding energy of 1253.6 eV with respect to the vacuum level of sample 
was measured. The vacuum level on the energy scale of analyzer could be obtained by subtrac­
ting 1253. 6 e V from the binding energy of the onset of secondary electron emission. Thus, the 
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binding energy referred to the vacuum level was determined by the measurements of both photo­
electron and secondary electron emission. 18> 
In Fig. 1 is shown the spectra of Ga 3d and In 4d. The magnitude is normalized at the 
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Fig. 1. XPS spectra of Ga 3d (upper ) and In 4d (lower) in Ga, GaS, GaSe, 
In and InSe. The binding energy is referred to the vacuum level . 
peak height and the binding energy is referred to the vacuum level . It is found that the binding 
energy of metal core level shifts toward the higer energy side due to having a bond with chal­
cogen atoms. Such a shift indicates that the metal in the binary compound act as a cation. 
Table I shows the binding energies of Ga 3d and In 4d referred to the vacuum level and the 
Table I .  Binding energies and chemica l shifts Ec' s of cations. Energies 
are in eV and the indeterminancy is ±O.leV .  The binding 
energies are referred to t:l;te vacuum level and defined as 
energies corresponding to the centers of FWHM' s. The FWHM' s 
are indicated in parentheses. 
Binding 
energy 
Ga 3d 
Ga 23.0 (1. 3) 
GaS 26.4 ( 1.3) 
GaSe 25.0 (1. 3) 
In 4d 
In 21.2 ( 1. 9) 
InSe 22.9 (1. 9) 
Chemical 
shift 
Ec 
3.4 
2.0 
Ec 
1.7 
full width at half maximum ( FWHM) in parenthese. The binding energy is defined at the cen­
ter of FWHM. The E� s are the chemical shifts of Ga 3d and In 4d in GaS, GaSe and InSe 
with respect to these in metals. The largest chemical shift is observed in GaS. The chemical 
shift in GaSe is a little larger than that in InSe. 
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§ 3. Theory 
3 . 1 Ionicit 
lonicity f1 is an important parameter to estimate electrostatic effective charge which considera­
ably influences on the chemical shift in XPS spectrum. Phillips has discussed the ionicity from 
the stability in crystal structure. From a ratio of the bond lengthes in both Ga- S  and In- Se, a 
ratio of the electronegativity differences, and an assumption that the heteropolar gap is consider­
ably smaller than the homopolar gap, he has claimed that f1 {lnSe}�2fi { GaS}. zn Recently, 
Kuroda and Nishina131 arrl Gupta, Gupta and Srivastava221 have calculated ionicities f1 ( K) and 
f1 ( G) based on the spectroscopic method. Nakanishi and Matsubara 14' 151 have also calculated 
the ionicity f1 ( N) on the basis of the optimized bond orbital model . Gupta et a!. have not in­
dicated the ionicity of InSe. Therefore, we recalculated the ionicities f1 ( GT) of GaS, GaSe 
and InSe using the values23-2 51 shown in Table II according to their method. 
Table II. Interatomic distances and lattice constants of GaS 
( /3), 231 GaSe ( E) 241 and InSe( r), 251 bond angle 
e and transverse effective charge eT. 1 31 The fMc is 
the distance between metal and chalcogen, and the 
rMM is the distance betw een metal and metal . The 
bond angle e of calcogen- metal - metal w as calculated 
using these lattice parameters. 
rMc( A 0 ) rMM( A  0 ) a( N) c( AD) 
GaS ( S) 2.33 2.45 3.5 9 15.49 
GaSe( t) 2.47 2.3 9 3.75 15. 9 
InSe( y) 2.63 2.82 4.00 25.32 
e( "c) 
117.2 
118.8 
118.6 
2.38 
2.28 
2.50 
The recalculated ionicities are shown in Table ill. The difference between f1 ( G) and f1 ( GT) 
Table III. Ionicities f1's and electronegativity difference LJX. 
GaS 
GaSe 
InSe 
f1( K) 131 
0. 49 
0.56 
0.64 
fi( G) 221 
0.43 
0.37 
f1( N) 151 
0.49 
0.47 
0.53 
f1( GT) 
0.40 
0.34 
0.46 
is due to that of lattice constants and the interatomic distances. 
f1( KNT) LIX211 
0.46 0.74 
0.45 0.66 
0. 49 0.80 
On the other hand, Nakanishi 
et a!. have calculated the polarity aq of the cation- anion bond on the rnsis of the optimized bond 
orbital model , and the perpendicular transverse effective charge er and f1 ( N) are evaluated as 
follows; 1 51 
fi = ( 6 Gp + 1 ) I 9 ' (1) 
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(2) 
(3) 
Where, 8 ts the bond angle of chalcogen-metal -metal , and es is the electrostatic effective 
charge. It should be noted that eT calculated by Nakanishi et a!. is fairly good argreement 
with � obtained experimentall y  by Kuroda et a!. Therefore, we reversely calculated the 
ionicity fi ( KNT) from the relations (1)-(3) us ing � obtained by Kuroda et a!. where, 8 
was also recalculated using the latest lattice constants and the interatomic distances. 2 3-2 s> 
Thus, this ft ( KNT) shown in Table III is obtained from experimental data, while other 
t ( K), ft ( G) and ft ( G T) are estimated from the empirical formula by the spectroscopic 
method. The relative magnitudes of the ionicities among the three compounds are similar 
to those of the dielectric electronegativity differences ( LJX) 21> except for those of ft ( K) . 
3 . 2 Madel ung constant 
Madehmg energy plays an important part in the chemical shift. The Madelung constant 
is dependent on the crystal structure. GaS, GaSe and I nSe single crystals consist of 
hexagonel stacking with four- fold sheets. Both GaS and GaSe crystals consisting of two­
layer repetition are respectively called /3-and e:- type due to the difference in stacking sequ­
ence, 12> while InSe crystal is called r- type consisting of three-layer repetition. 13> In Fig. 
2 is shown the crystal structures and the projections of atoms on a- b plane of GaS( /3) , 
GaSe( e:) and InSe( r) single crystals. 
GoS(/3) GaSe(e) lnSe(yl 
Fig. 2. Crystal structures and projections on basal plane of GaS( /3) , 
GaSe( E) and InSe( y). The closed ci rcle represents metal 
and the open circle dose chalcogen. The arrow is a reference 
atom for the calculation of Madelung constant. 
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It is generally difficult to calculate Madelung constant in three dimensional crystal without 
reservation. Therefore, the sum of charges in the space surrpuding the reference atom, cation, 
is required to be zero to get fast convergence. 2 6) The space, which should become as cubic as 
possible, is formed by-the accumulation of odd number of unit cells. The cation and the anion 
in the space are given by +e and -e of charge, resre:tively, and at the edge of the space are 
given by charges which are devided with the number of contact faces; ± e/2, ± e/ 4. The to· 
tallY charge in the space is of course zero. The Madelung constant was calculated for the re· 
terence cation shown by arrow(�) in Fig. 2. Two cations in both GaS and GaSe present at 
the eqivalent position in each space, whereas two cations in InSe have the different environ-
ments. The Madelung constants calculated as above are shown in Fig. 3, where the horizontal 
I 
u 
1.5 
1 .0 _ GaS 
I. 
10 GaSe 
I . 
... 
1.0 lnSe 
0 50 100 150 
LENGTH (A) 
Fig. 3. Computed Madelung constants vs lengthes of a, b am c 
orientations for GaS( (3), GaSe( E) and InSe ( r). 
axis indicates the lengthes of the space in a, b and c orientations, and the spread of data in 
horizontal axis corresponds to the difference between the length in a, b direction and that in c 
direction of the space. Furthermore, the height of the rectangular data for InSe represents the 
difference of the Madelung constants for the two reference atoms. It is found that the Made­
lung constant almost converges at more than 50 A for the three comPOunds. Thus, the Made­
lung constants for the cations of GaS(/1), GaSe(c-) and InSe(r) are obtained to be 1.44, 1.60 
and 1. 48, respectively. 
3 . 3 chemical shift 
The chemical shift has been studied in the binary crystals of zinc- blende type III- V and II­
VI compounds. 6" 7) There, one cation tetrahedrally has four anions as the nearest atoms. On 
the other hand, only a cation tetrahedrally has three anions and one cation in the present com-
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pounds, and one anion has three cations as the nearest neighbors and they form the covalent 
bonds within a layer. Such a crystal structure influences the ionici ty 1 3-1 5' 2 2 > and the Made­
lung constnt as mentioned in § 3 .1 and 3. 2. 
On the basis of the electrostatic model , the chemical shift is evaluated from two stand­
points. One is mainly estimated from ionic part between cation and anion_ The chemical shift 
Fc1 of the cation is then given by 
E _ ( 3A(I') _ am ) .-2 c1 -es 2r R e .  (4) 
Where, es is the electrostatic effective charge, A( D is the geometrical parameter of the charge, 
charge, r is the covalent radius of the cation, am is the Madelung constant, R is the nearest­
neighbor spacing between the cation and the anion, and e is an electron charge. The first term 
represents the potential energy change due to transfer of valence electrons and the second· term 
is the Madelung energy. The es of cation is given by 
9 
es =3 -Z (l-f;) (5) 
Where, nine valence electrons are shared between the cation and the anion according to the ioni­
city discussed in § 3 .1. This electrostatic effective charge es is the same as that given by eqs_ 
(1) and (2). The geometrical parameter A( I') stands for the distribution of charge and is given 
by6) 
(6) 
Where, r can vary between 0 and 1. The charge distributes between rr and r in radius. When 
r is 0 '  it uniformly distributes within a sphere, and when r is 1' it does at a spherical shell 
of radius r. The chemical shift of I I I- V compound has been reasonably explained when r is 
0 .  5. 6' 1 o> The covalent radius r of the cation is evaluated from the method of J _ A. Van V e­
chten27> as shown in Table N. 
Table N. C ovalent radius r and electronic dielectric constant Eo. 
The covalent radius was calculated by the method of ]. 
A. Van Vechten. 27> 
r( A o) eo 
GaS 1.19 7. 622) 
GaSe 1. 24 9. 622) 
InSe 1.41 11.513) 
Another estimation includes a covalent part due to Phillips' bond charge model, 11> where the 
bond charge qb per bond is - 2/e o. The eo is the electronic dielectric constant 1 3' 2 2> as shown 
in Table N. Since the cation of I I I- VI compound has three covalent bmds with the chalcogens 
and one covalent bond with the metal as shown in Fig. 4. Therefore, the effective charge � 
of the cation is given by 
� =es +3(� ) ( 1-£; ) +__!_. eo 2 eo (7) 
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Fig. 4. Configuration of atoms surrouuding a cation ( M) -anion( C) pair 
and valence electrcns. The solid line repesents the covalent bond 
and the dot represents the lone electron. 
The distance of bond charges from the center of the cation is approximated by� ( 1 + LJ) , where 
L1 is a dimensionless prrameter related to the ionicity. The L1 is represented by'0l 
2 . L1 =-arcsm L 11 2• 
7r 
Then the chemical 
Ec2= { 3A(I)e, 
2r 
shift EC2 of the cation is given by 
+ ( 3 -+�) eb _ _ am_e _s ( _3(_1_+_L_)  +21r ) Qb } e2• R( 1 + LJ) I 2 r R 2 R 
(8) 
(9) 
Where, the first term is due to the potential change, the second term is due to the Phillips' 
bond charge, the third term is due to the Madelung potential discussed previously, and the fourth 
term is the correction for that the bond charges of nearest neighbors are counted twice in the 
second and the third terms. 
As mentioned above, there are two methods for estimating the chemical shift . In eq. (4), 
the characteristics of III- VI layered compound exist in the effective charge es and the Madelung 
constant am. In eq. (9), they appear not only es, e, and am, but also in the shape of coeffi­
cient of Qh. If the bond charge Qb is negligible, eq. (9) becomes the same as eq. (4). 
Table V shows the chemical shifts calculated by eqs. (4) and (9) using various ionicities dis­
cussed above, the A( Il is a geometrical parameter of the charge distribution in the cation and 
the results are shown for three limitting cases of charge distribution. Since GaS, GaSe and 
InSe in III- VI compounds have a similar crystal structure, the charge distribution is expected 
to be similar in three compounds. The chemical shift EC2 which includes the covalent part is 
found to be larger than the chemical shift ECl which includes only the ionic part . This is due 
to the fact that the effective charge e, of cation is larger than the effective charge es. 
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Table V. Chemical shifts calculated with various ionicities. Enemies 
are in eV. The chemical shift Ec, was estimated from 
ionic part, and the chemical shift Ee2 was estimated from 
both ionic and covalent parts. The A( r) represents the 
charge distribution. (see text) 
Chemical shift ECI Chemical shift Ec2 
A(1) A(0. 5) A(O) A(1) A(0. 5) A(O) 
GaS 2. 2 4. 7 6. 5 2. 6 6. 2 8. 9 
f1(K) GaSe 2. 4 5. 8 8. 4 2. 7 6. 9 10. 1 
InSe 3. 0 7. 0 10. 0 3,1 7,7 11. 1 
f1(G) 
GaS 1. 4 2. 9 4. 0 1. 7 4. 5 6. 5 
GaSe 0. 4 0.9 1. 4 0. 6 2. 2 3. 3 
GaS 2. 2 4.7 6. 5 2. 6 6. 2 8. 9 
e f1(N) GaSe 1. 5 3. 5 5. 0 1. 7 4. 7 6. 9 
InSe 1. 9 4. 5 6. 4 2. 0 5. 2 7. 6 
GaS 0. 9 1. 9 2. 6 1. 2 3. 4 5. 1 
f1(GT) GaSe 0. 1 0. 1 0. 2 0. 3 1. 4 2. 2 
GinSe 1. 2 2. 9 4. 2 1. 3 3. 7 5. 4 
GaS 1. 8 3. 8 5. 3 2. 2 5. 4 7. 7 
f1(KNT) GaSe 1. 3 3. 1 4. 4 1. 5 4. 3 6. 3 
GinSe 1. 5 3. 6 5. 2 1. 7 4. 4 6. 4 
§ 4 . Discussion 
4 . 1 Comparison of experiment and theory 
The experimental and theoretical values of chemical shifts of III- VI compounds are shown 
in Tables I and V, respectively. It is well known that the ionic bond is the bond resulting 
from the electrostatic interaction of oppositely charged ions which are formed by the loss or the 
gain of the number of valence electrons required to give them closed outer shells. Therefore, 
it is reasonable to consider that the value of r is close to 1. Paying the attention to the the­
oretical values of chemical shift between 0.5 and 1, the chemical shifts calculated by the ion­
icities L ( K) of Kuroda et a!. are found to be consistent with the experimental data for GaS 
but be larger for GaSe and InSe. In the case of L( G) of Gupta et al ., the experimental 
values exist in EC2 between for T=0.5 and 1. In the case of recalculated L( GT) by the au­
thors using the latest lattice constants, the chemical shift for only InSe can explain the experi­
mental data. The chemical shifts for GaS and GaSe due to L( N) of Nakanishi et al . are 
consistent with the experimental data. but the value for InSe is larger. On the other hand, 
both the chemical shift Ec, and Ec 2 using the ionicity L ( KNT) suggested by the authors are 
found to be totally cosistent with the experimental data for GaS, GaSe and InSe, choosing 
the values between 0. 5 and 1 for r. As mentioned in § 2, it is found that the chemical 
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shi ft for GaS is larger than the shifts for GaSe and InSe, and the chemical shift for GaSe 
is close to that for In Se. Therefore, the chemical shift Ecz, which is calculated from the 
ionic and the covalent terms, is found to be preciser than the chemical shift Ec1, which is cal· 
culated from only the ionic term. 
4 . 2 Trends of chemical shift and ionicit y 
As mentioned in § 4.1, it is found that the ionicity f; ( KNT) explains the magnitude of 
chemical shift on the basis of the electrostatic model . Here, the measured chemical shift and 
the ionicity are again discussed and compared with those of III- V and II- VI compounds. The 
relative magnitude of measured chemical shift is that Ec { GaS }> Ec { GaSe} > Ec{InSe} as shown 
in Table I . This indicates that the chemical shift of sulfide is larger than that of selenide, 
and that the chemical shift of gallium comPound is larger than that of indium compound. 
Figure 5 shows these trends . Similar trends are seen in Fig. 5 for ( Ga, In) - V and II- ( S, Se) 
compounds. 6> It is recognized that these trends are independent on the crystal structure. On 
the other hand, Fig. 6 shows the atomic trend of Phillips' ionicity. zs> The exchange of. sulfur 
for selenium in II- VI compound has a little influence on the ionicity, while the indium compound 
has a larger ionicity than the gallium compound in III- V compound. These trends are also seen 
in III- VI compomd as shown in Fig. 6. Thus both trends of measured chemical shifts and 
the ionicity f;( KNT) for III- VI compound coincide with those for III- V and II- VI compound. 
Fig. 5. Atomic trerrl on the chemical shifts of cations in III· VI 
layered compounds arrl other binazy compounds. 61 
>-1:: !..2 
�0. 
� 
:J 
a: 
Ca-----­
Mg-------
zr.----
--
Ga - fJ(KNT) 
Be----- -
Fig. 6. Atomic trend on the ionicities of III-VI layered compounds 
and those by Phillips. 2 81 
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§ 5. Summ ary and conclusion 
We have studied the chemical shifts of GaS( .B), GaSe( E) and InSe( r) sigle crystals using 
XPS techniques. The binding energy with respect to the vacuum level was determined by 
measuring the photoemissions of both tie secondary electron and the electron in core level on the 
same sample. The chemical shift of Ga cation in GaS is the largest and the shift of cation in 
GaSe is larger than that in InSe. The Madelung constant was computed. The ionicity was 
estimated from transverse effective charge. The relative magnitude of the ionicities is ana­
logous to that of the electronegativity differences but different from that of chemical shifts. 
On the basis of the electrostatic model, the magnitude of chemical shift is attnbuted mainly to 
the ionic part. The appropriate value of geometical parameter r of charge distribution is 0 .  5 
for III- V and II- VI compounds, 6' 10> and in the present work for III- VI compounds, the value 
exists between 0 . 5  and 1. Compared with the chemical shifts and the icnicities of III- V and 
II- VI compounds, it is found that the similar atomic trends exist in spite of the difference of 
crystal structure. 
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